Oral malodor is caused mainly by volatile sulfur compounds (VSCs), such as hydrogen sulfide, methyl mercaptan, and dimethyl sulfide (21) . Of these VSCs, hydrogen sulfide and methyl mercaptan are predominant in mouth air. Both compounds are highly toxic, especially methyl mercaptan (21) . VSCs can increase the permeability of the oral mucosa (16) and decrease protein or collagen synthesis (6, 8) . It is possible that the presence of methyl mercaptan within a periodontal pocket is involved in the induction or progression of periodontal disease. Coil et al. (2) reported that the increase in the ratio of methyl mercaptan to hydrogen sulfide in human gingival crevicular sites is correlated with deeper pockets or bleeding pockets. Exposure to methyl mercaptan alters protein synthesis in human gingival fibroblasts (7) and inhibits cell migration in periodontal ligament cells (11) . These findings suggest that methyl mercaptan not only may be responsible for oral malodor but also may contribute to the pathogenesis of periodontal disease.
Methyl mercaptan is produced from L-methionine by the enzymatic action of L-methionine-␣-deamino-␥-mercaptomethane-lyase (METase), which catalyzes the ␣,␥ elimination of L-methionine to produce ␣-ketobutyrate, methyl mercaptan, and ammonia. This enzyme is detected in anaerobic, nonoral microorganisms, such as Pseudomonas, Trichomonas, and Clostridium (4, 5, 9, 13) . In addition, Porphyromonas gingivalis, a black-pigmented anaerobe, which is implicated as a major pathogen in adult periodontitis, is known to produce large amounts of methyl mercaptan in human serum (18) . However, little is known about P. gingivalis METase and the role of methyl mercaptan in the pathogenesis of this organism. In this study, we cloned the mgl gene homolog encoding METase from the virulent strain P. gingivalis W83 and confirmed its nucleotide sequence. To determine the role of METase in the pathogenicity of P. gingivalis, we constructed a METase-deficient mutant from P. gingivalis strain W83 and compared the virulence of the mutant and the parent strain W83 in a mouse model.
MATERIALS AND METHODS
Bacterial strains and culture conditions. P. gingivalis strains W83 and W50 and Fusobacterium nucleatum ATCC 10953 were grown anaerobically (10% CO 2 , 10% H 2 , 80% N 2 ) in GAM broth (Nissui Medical Co., Tokyo, Japan) supplemented with hemin (5 g/ml), menadione (1 g/ml), and enriched tryptic soy agar (per liter: 40 g of tryptic soy agar [Difco, Detroit, Mich.], 5 g of brain heart infusion, 1 g of cysteine, 5 mg of hemin, and 1 mg of menadione) at 37°C. Actinobacillus actinomycetemcomitans Y4 was grown in THY broth (per liter: 30 g of Trypticase soy broth [BBL Microbiology Systems, Cockeysville, Md.], and 10 g of yeast extract [Difco] ) at 37°C in a 5% CO 2 atmosphere. Escherichia coli strains DH5␣ and BL21 were grown aerobically in 2ϫ TY broth (per liter: 16 g of Bacto tryptone [Difco], 10 g of yeast extract [Difco] , and 5 g of sodium chloride) at 37°C. For transformants of P. gingivalis, erythromycin at a final concentration of 10 g/ml was added.
Gas chromatography of VSCs. Methyl mercaptan was formed by using a modification of the method of Persson et al. (18) . Briefly, bacterial strains were grown at 37°C until an optical density at 550 nm (OD 550 ) of about 0.6 was attained. Culture supernatants were obtained by centrifugation (8,000 ϫ g for 10 min). The cells were harvested and washed with a buffered salt solution (40 mM potassium phosphate buffer [pH 7.7] and 50 mM sodium chloride). The cells were resuspended in the salt solution to an OD 550 of 0.3. To determine the formation of methyl mercaptan, a reaction mixture consisting of 100 l of the cell suspension or culture supernatant and 870 l of buffered salt solution was added in a sterile 15-ml polypropylene tube sealed with a silicon plug. The reaction was initiated by adding 30 l of 33 mM L-methionine. The reaction mixtures were kept at 37°C. After 90 min of incubation, the reaction was stopped by adding 500 l of 3 M phosphoric acid. Ten minutes later, a sample (1 ml) of the vapor above the reaction mixture in the tube was removed with a gastight syringe and analyzed by gas chromatography (model GC-14B; Shimadzu Works, Tokyo, Japan) using a glass column packed with 25% ␤, ␤Ј-oxydipropionitrile on a 60-80 mesh Chromosorb W AW-DMCS-ST device (Shimadzu Works) fitted with a flame photometric detector at 70°C. The concentration of each VSC was determined with standard hydrogen sulfide, methyl mercaptan, or dimethyl sulfide gas prepared with Permeater PD-1B (GL Science, Tokyo, Japan).
The VSC contents in the culture supernatants of P. gingivalis were also determined. P. gingivalis cells were grown until an OD 550 of 0.7 was attained. The cultures were immediately centrifuged at 8,000 ϫ g for 10 min, and the culture supernatants were obtained. A reaction mixture consisting of 100 l of the culture supernatant and 900 l of buffered salt solution was added to a tube and sealed with a silicon plug. Ten minutes later, a sample (1 ml) of the vapor above the reaction mixture in the tube was analyzed by gas chromatography as described above.
Electrotransformation of P. gingivalis. Electroporation of P. gingivalis cells was performed by the method of Nakayama et al. (14) . Briefly, P. gingivalis cells grown in 10 ml of GAM broth containing hemin (5 g/ml) and menadione (1 g/ml) were resuspended in 1 ml of the electroporation solution (300 mM sucrose). Fifteen microliters of plasmid DNA solution (270 g/ml in distilled water) was added to 400 l of the cell suspension. The mixtures were pulsed with a Gene Pulser apparatus (Bio-Rad Laboratories, Hercules, Calif.) at 2.5 kV with a time constant of 5 ms. The cell suspension was then diluted with 10 ml of prewarmed GAM broth containing 0.1% ␣-ketobutyrate and incubated anaerobically at 37°C for 15 h. Aliquots of the cell suspension were plated on enriched tryptic soy agar containing erythromycin (10 g/ml) and 0.1% ␣-ketobutyrate and incubated anaerobically at 37°C for 7 days.
DNA manipulation. Standard DNA recombinant procedures such as DNA isolation, restriction endonuclease digestion, ligation, transformation of competent E. coli cells, and agarose gel electrophoresis were carried out as described by Sambrook et al. (20) . Chromosomal DNA was isolated from P. gingivalis cells by the guanidine isothiocyanate method (12) with an IsoQuick DNA extraction kit (MicroProbe, Garden Grove, Calif.). DNA sequencing was performed by the dideoxy-chain technique with a Taq Dye Primer Cycle Sequencing kit and an ABI 373A DNA sequencer (Applied Biosystems, Foster City, Calif.).
Southern hybridization and colony hybridization. Southern hybridization and colony hybridization were performed with digoxigenin-labeled PCR probes using a nonradioactive digoxigenin DNA labeling and detection kit (Rosche Diagnostics GmbH, Mannheim, Germany) according to the supplier's instructions. To detect the mgl gene of P. gingivalis, an mgl probe was amplified with primers designed from the nucleotide sequence of the mgl gene homolog found in data from the P. gingivalis Genome Project (http://www.forsyth.org/pggp/) and the Institute for Genomic Research (http://www.tigr.org/). The primers used were 5Ј-GCTATCGAGAACGCCTTC-3Ј (sense), located 40 to 57 bases downstream of the initiation codon of the mgl gene homolog of P. gingivalis, and 5Ј-GCAG TGCCATCTGCTTCT-3Ј (antisense), located 895 to 913 bases downstream of the initiation codon of the mgl gene homolog of P. gingivalis, and genomic DNA of P. gingivalis W83 was used as the template. To confirm the appropriate insertional inactivation of the mgl gene, the ermF-ermAM cassette probe was constructed with a kit based on random hexanucleotide primers (Rosche Diagnostics GmbH) with a 2.1-kb EcoRI-PstI fragment isolated from pVA2198 as a template.
Cloning the mgl gene from P. gingivalis. Southern blotting with the mgl genespecific probe suggested that a 4.2-kb ClaI chromosome fragment of P. gingivalis W83 contained an mgl homolog. Based on this result, the complete ClaI digests of chromosomal DNA of P. gingivalis W83 were electrophoresed on 0.8% agarose gels, and the 4.2-kb ClaI fragment was extracted from the gel with a QIAEX II agarose gel extraction kit (Qiagen, Hilden, Germany). The 4.2-kb ClaI fragment was ligated with ClaI-digested pBluescriptII KS ϩ . E. coli DH5␣-competent cells were then transformed with the resultant plasmid. Positive colonies hybridized with the mgl probe were selected. Plasmid DNA was purified from one of these colonies and designated pME220.
Plasmid construction. The BamHI fragment located downstream from the mgl gene of P. gingivalis W83 was amplified and isolated by PCR (Fig. 1) . The primers used were 5Ј-GACAATATGAACCCCGAA-3Ј (sense), located 1,216 to 1,233 bases downstream of the initiation codon of the mgl gene homolog of P. gingivalis, and 5Ј-GACCCGATATCCTCACTT-3Ј (antisense), located 3,539 to 3,556 bases downstream of the initiation codon of the mgl gene homolog of P. gingivalis. The PCR conditions were as follows: an initial denaturation at 95°C for 2 min and then 25 cycles of denaturation at 96°C for 15 s, annealing at 50°C for 30 s, and extension at 72°C for 2 min. The amplified fragment was cloned with pGEM-T Easy (Promega, Madison, Wis.), and the resultant plasmid was designated pME221. pME221 was digested with HindIII, and the 2.0-kb HindIIIBamHI fragment was isolated. The isolated fragment was ligated into pME220 to replace the 73-bp HindIII-ClaI fragment. The plasmid obtained was designated pME440. The mgl gene of plasmid pME440 was then disrupted by inserting the 2.1-kb ermF-ermAM cassette from pVA2198 (3) into the Eco105I site within the mgl gene. This plasmid, designated pME441, was linearized with NotI-XhoI and used for electroporation. The resultant plasmids were purified, and the nucleotide sequences of the inserted fragments were determined to confirm that the fragments did not contain nucleotide substitutions or deletions resulting from PCR with Taq polymerase.
Preparation of recombinant METase. The mgl gene homolog of P. gingivalis W83 was amplified by PCR with the primers 5Ј-AAAAGGATCCCGTAGTGG CTTTGCCACA-3Ј (sense) and 5Ј-AAAAGTCGACTTAGATCAGGCTGTCC AG-3Ј (antisense). These primers were designed to create BamHI and SalI restriction sites (underlined) in the PCR product. The PCR product was double digested with BamHI and SalI and ligated to BamHI-SalI double-digested pGEX-6P-1 expression vector (Amersham Pharmacia Biotech, Buckinghamshire, United Kingdom) to produce pRM83. The nucleotide sequence of the insert was determined to confirm that no mutations had been introduced. To obtain the mgl products of P. gingivalis W83, E. coli BL21 was transformed with pRM83. The transformant was grown in 2 ϫ TY broth with ampicillin (50 g/ml) at 37°C until an OD 550 of 0.7 was attained. Isopropyl-␤-thiogalactopyranoside was added to the culture at a final concentration of 1 mM, and the culture was grown for 4 h. The cells were harvested by centrifugation at 1,600 ϫ g for 20 min at 4°C and lysed by ultrasonication. The cell extract was obtained by centrifugation at 12,000 ϫ g for 10 min at 4°C. Binding to glutathione-Sepharose 4B medium (Amersham Pharmacia Biotech), cleavage of the fusion protein by PreScission protease, and elution of the product were done according to the manufacturer's instructions.
SDS-PAGE. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed as follows. Purified recombinant METase (10 g) was suspended in 100 l of 10 mM Tris-HCl (pH 6.8) containing 1% SDS, 1% mercaptoethanol, and 20% glycerol and heated for 3 min at 100°C. After the sample (10 l) was electrophoresed at 25 mA per gel with 4% stacking and 10% resolving acrylamide gels containing 0.1% SDS (10), proteins were stained with Coomassie brilliant blue R-250. The LMW electrophoresis calibration kit (Amersham Pharmacia Biotech) was used as a molecular weight standard.
Enzyme assay. METase activity was assayed as described by Tan et al. (22) . Briefly, the assay was carried out with 1 ml of 50 mM potassium phosphate buffer (pH 8.0) containing 10 M pyridoxal 5Ј-phosphate, 10 mM L-methionine, and various amounts of enzyme solution. The enzyme was added to start the reaction. After incubation for 10 min at 37°C, the reaction was terminated by adding 0.5 ml of 4.5% trichloroacetic acid. The suspension was centrifuged, and 0.5 ml of the supernatant was added to 0.5 ml of 0.05% 3-methyl-2-benzothiazolinone hydrazone in 1 ml of 1 M sodium acetate (pH 5.2) and then incubated at 50°C for 30 min. The amount of ␣-ketobutyrate produced was determined by spectrophotometry with A 335 . The amount of protein was determined by using the Bio-Rad protein assay with bovine serum albumin as a standard.
Mouse virulence assays. The virulence of P. gingivalis strains W83 and M1217 was determined as described by Neiders et al. (15) . Each bacterial strain was grown in GAM broth supplemented with hemin and menadione to an OD 550 of 1.0. The cells were harvested, resuspended and adjusted to a concentration of 3 ϫ 10 11 CFU/ml in the same medium. Female BALB/c mice (8 to 10 weeks of age) were challenged with subcutaneous injections of 0.1 ml of bacterial suspension at two sites on the depilated dorsal surface (0.2 ml per mouse). Injected mice were examined daily for the size, consistency, and ulceration of each local lesion, the presence and locations of secondary lesions, and general health status. Three sets of experiments were carried out (61 mice in total).
Statistical analysis. Student's t-test was used to evaluate the difference in the mean value of the survival rate of three experiments between mice infected with W83 and those infected with M1217. (4, 5) and Trichomonas vaginalis (13) , and their nucleotide sequences have been determined. A database search was performed to detect homologs of the P. gingivalis mgl gene. Although both P. putida and T. vaginalis have two genes reported to encode METase (4, 5, 13), only one homolog of the mgl gene was found in the preliminary search of the P. gingivalis genome database obtained from websites. From this, a probe for the P. gingivalis mgl gene was synthesized by PCR with chromosomal DNA of strain W83 as a template (Fig. 1) and was used to isolate the 4.2-kb ClaI fragment cloned into the plasmid vector pBluescript KS The deduced peptide sequence has 399 amino acid residues and a molecular mass of 43.3 kDa. The predicted amino acid sequence of METase of P. gingivalis W83 was compared with the amino acid sequence of the METases of P. putida (4, 5) and T. vaginalis (13) . The sequence identities of P. gingivalis METase with the gene products of mgl1 and mgl2 of P. putida were 43.9 and 43.2%, respectively. Those of P. gingivalis METase with the gene products of mgl1 and mgl2 of T. vaginalis were 42.9 and 39.6%, respectively.
RESULTS

Formation of methyl mercaptan by
Characterization of recombinant METase of P. gingivalis W83. To evaluate the enzymatic activity of P. gingivalis METase, the mgl gene of P. gingivalis W83 was cloned into pGEX-6P Expression Vector. The glutathione S-transferase GST-fusion protein was cleaved with PreScission protease and purified by affinity chromatography with glutathione-Sepharose 4B medium. A single protein band was obtained in SDS-PAGE analysis of recombinant METase. The enzyme migrated at approximately 44 kDa on SDS-PAGE gels (Fig. 2) . Approximately 1.2 mg of purified recombinant METase was obtained from each liter of E. coli culture. The breakdown of L-methionine by the recombinant enzyme was determined by assaying the production of ␣-ketobutyrate, a by-product of methyl mercaptan formation, as described previously (22) . The K m and V max of W83 recombinant enzyme were 23.1 mM and 21.9 mol/min/mg of protein, respectively.
Construction of a METase-deficient mutant. To examine the role of methyl mercaptan in the pathogenicity of P. gingivalis, we constructed a METase-deficient mutant. To construct the METase-deficient mutant, the mgl gene of plasmid pME440 was disrupted by inserting the 2.1-kb ermF-ermAM cassette from pVA2198 into the Eco105I site within the mgl gene. This construct, pME441, was linearized with NotI-XhoI and electroporated into P. gingivalis W83, and erythromycinresistant colonies were isolated. To confirm the presence of the ermF-ermAM cassette in the predicted location, Southern blot analysis was carried out with the mgl gene as a probe. Upon digestion of the DNA with ClaI, a 4.2-kb fragment hybridized with the mgl probe was observed in strain W83. A 6.3-kb fragment was present in the erythromycin-resistant mutant of W83 (Fig. 3A) . Southern blots probed with the ermF-ermAM cassette revealed the presence of an identical 6.3-kb fragment in the erythromycin-resistant mutants, but not in W83 (Fig.  3B) . These data indicate that the ermF-ermAM cassette caused the predicted recombination. One of the erythromycin-resis- F. nucleatum ATCC 10953.......................................... 54.31 Ϯ 4.00  A. actinomycetemcomitans Y4................................ tant mutants of W83 was chosen and designated M1217. The growth rate of transformant M1217 was similar to that of the parent strain W83. Formation of methyl mercaptan by the METase-deficient mutant and the wild-type strain. Whole cells of P. gingivalis W83 and M1217 were tested for their ability to form methyl mercaptan from L-methionine. The bacterial cells were incubated in the buffered salt solution containing L-methionine at 37°C for 90 min, and then the amount of methyl mercaptan produced was determined by gas chromatography. A large amount of methyl mercaptan was detected in the reaction mixture containing W83 cells (Fig. 4A) . On the other hand, no methyl mercaptan peak was detected in the reaction mixture containing M1217. The VSCs in the culture supernatants of W83 and M1217 were also analyzed by gas chromatography. The hydrogen sulfide contents in the culture supernatants of M1217 and W83 were similar (Fig. 4B) . On the other hand, the amount of methyl mercaptan in the culture supernatant of M1217 was approximately 2.8% of that in the culture supernatant of W83.
Pathogenicity of P. gingivalis in mice. To examine the pathogenicity of P. gingivalis W83 and M1217, BALB/c mice were challenged with subcutaneous injections of bacterial suspension at two sites on the depilated dorsal surface. Within 24 h, strains M1217 and W83 (6 ϫ 10 10 CFU per animal) induced spreading, ulcerative lesions on the abdomens of all mice tested. The mice did not have any lesions at the dorsal site of injection. Four days after the subcutaneous injections, about 7.7% of mice challenged with W83 at a dose of 6 ϫ 10 10 CFU per mouse survived (Fig. 5) . In contrast, 36% of mice challenged with M1217 at the same dose per animal survived. Student's t test showed a significant difference between the survival rates of mice infected with W83 and with M1217 (P ϭ 0.01) at days 4 and 5.
DISCUSSION
Although several studies have reported on the formation of methyl mercaptan by various oral bacteria (1, 17, 18) , the mechanism and pathogenic role of the formation of methyl mercaptan by oral bacteria are not well defined. We tested the capacity of A. actinomycetemcomitans, F. nucleatum, E. coli, and two strains of P. gingivalis to form methyl mercaptan from L-methionine. Of these strains, P. gingivalis strain W83 produced the most methyl mercaptan (Table 1 ). This strain is also known as an invasive virulent strain (15) . Therefore, it is possible that methyl mercaptan may be one of the virulence factors of P. gingivalis.
To determine whether the mgl gene participates in the formation of methyl mercaptan by P. gingivalis, we constructed an mgl mutant of P. gingivalis W83. Whole cells of the mgl-defective mutant M1217 did not form methyl mercaptan from L-methionine (Fig. 4A) , indicating that the mgl gene product participates in the formation of methyl mercaptan from L-methionine in P. gingivalis. Gas chromatography detected methyl mercaptan in the supernatant of cultures of both W83 and M1217, although the amount of methyl mercaptan produced by M1217 was approximately 2.8% of that of W83 (Fig.  4B ). It is possible that an enzyme or enzymes different from METase may produce methyl mercaptan from substrates other than L-methionine.
Ng and Tonzetich (16) reported that exposure of sublingual porcine mucosa to methyl mercaptan increases the permeability of the tissue. Methyl mercaptan has also been shown to induce interleukin-1␤ secretion from mononuclear cells (19) . To evaluate whether the mgl gene is associated with the pathogenicity of P. gingivalis, the virulence of the parent strain W83 and the mgl-deficient mutant M1217 was tested in a mouse abscess model. Four days after injection, a significant difference (P ϭ 0.01) between the survival rate of mice infected with W83 and that of those infected with M1217 was observed (Fig.  5) . These results suggest that methyl mercaptan may play a role in the pathogenicity of P. gingivalis. However, we should note that the mouse abscess model used in this study is not periodontitis. Further work is needed to determine a role of methyl mercaptan in induction and/or progress of periodontitis.
In this regard, several studies have examined the relationship between oral malodor and periodontitis from an epide-FIG. 4. Gas chromatographic patterns of VSCs produced by P. gingivalis W83 and M1217. (A) To measure the formation of methyl mercaptan, a reaction mixture consisting of 100 l of the cell suspension of P. gingivalis (OD 550 of 0.3), 870 l of the buffered salt solution, and 30 l of 33 mM L-methionine was added to a tube, which was sealed with a silicon plug. The reaction mixtures were kept at 37°C for 90 min. The reaction was stopped by adding 500l of 3 M phosphoric acid. Ten minutes later, the sample (1 ml) of the vapor above the reaction mixture in the tube was analyzed by gas chromatography. (B) VSCs in the vapor above 100 l of the supernatants of the cultures of P. gingivalis strains in a sealed tube were determined by gas chromatography.
FIG. 5. Survival rates of mice challenged with P. gingivalis W83 (ⅷ) and M1217 (⅜). Female BALB/c mice (five mice per group) were subcutaneously injected with 0.1 ml of bacterial suspension (3 ϫ 10 11 CFU/ml) of P. gingivalis at two sites on the depilated dorsal surface (0.2 ml per mouse). The survival rate in each group was calculated as the number of survivors/the total number of mice. Data are the mean survival rate Ϯ standard error of three different experiments. On days 4 and 5 after injection, the values were significantly higher for M1217 than for W83. ‫,ء‬ P ϭ 0.01 (Student's t test). miological perspective (2, 23) . Yaegaki and Sanada (23) found that the total amount of VSCs and the ratio of methyl mercaptan to hydrogen sulfide were greater in the mouth air from patients with periodontal disease than in that of control subjects. Coil et al. (2) found a significantly higher methyl mercaptan/hydrogen sulfide ratio in deep or inflamed crevicular sites than in shallow or noninflamed sites. These findings suggest that methyl mercaptan from periodontal pockets may be associated with the oral malodor of patients with periodontitis. Understanding the mechanism of methyl mercaptan production in periodontal pockets not only may help us elucidate the source of oral malodor, but may also provide a clue to understanding the pathology in periodontal disease.
Since METase has not been found in mammals, inhibition of this enzyme should have little effect on humans. Therefore, we hypothesize that this enzyme may be a potentially exploitable target for designing chemotherapeutic drugs. An inhibitor of P. gingivalis METase may represent a new class of compounds with the potential for preventing and treating oral malodor.
